ab T lymphocytes sense perturbations in host cellular body components induced by infectious pathogens, oncogenic transformation, or chemical or physical damage. Millions to billions of these lymphocytes are generated through T-lineage development in the thymus, each endowed with a clonally restricted surface T-cell receptor (TCR). An individual TCR has the capacity to recognize a distinct "foreign" peptide among the myriad of antigens that the mammalian host must be capable of detecting. TCRs explicitly distinguish foreign from self-peptides bound to major histocompatibility complex (MHC) molecules. This is a daunting challenge, given that the MHC-linked peptidome consists of thousands of distinct peptides with a relevant nonself target antigen often embedded at low number, among orders of magnitude higher frequency self-peptides. In this Masters of Immunology article, I review how TCR structure and attendant mechanobiology involving nonlinear responses affect sensitivity as well as specificity to meet this requirement. Assessment of human tumor-cell display using state-of-the-art mass spectrometry physical detection methods that quantify epitope copy number can help to provide information about requisite T-cell functional avidity affording protection and/or therapeutic immunity. Future rational CD8 cytotoxic T-cell-based vaccines may follow, targeting virally induced cancers, other nonviral immunogenic tumors, and potentially even nonimmunogenic tumors whose peptide display can be purposely altered by MHC-binding drugs to stimulate immune attack. Cancer Immunol Res; 3(4); 305-12. Ó2015 AACR.
Introduction
Adaptive immunity endows mammals and other jawed vertebrates with precursors of T (thymus-derived) and B (bone marrowderived) lymphocytes able to generate a repertoire of clonotypic antigen receptors [T-cell receptor (TCR) and B-cell receptor (BCR)] of immense diversity from somatic rearrangements of variable gene segments (VDJ and VJ recombination). Spatiotemporally controlled differentiation and selection processes of those cells shape two complementary lineages of the immune system, offering protection with exquisite specificity, sensitivity, and long-term memory.
Key discoveries during the last 50 years have unraveled the cellular and molecular nature of adaptive immunity. In the 1960s, T and B lymphocytes were identified, and their interactions were shown to be essential for antibody production (1, 2) . The basic paradigm of immunoglobulin (Ig) gene rearrangements that generate antibody diversity was revealed in 1976 (3) . The "dual" specificity of T cells for a foreign peptide and a self-MHC molecule by functional studies was discovered and clearly noted to be distinct from the "single" specificity of antibody recognition of foreign proteins (4, 5) . This realization then led to an intense effort to understand the molecular puzzle represented by self versus nonself discrimination and the receptor and ancillary molecules on T cells responsible for this unusual recognition.
The discovery of how to expand T cells in vitro, via IL2-dependent T-cell cloning (6) , in conjunction with monoclonal antibody (7) and flow cytometry screening (8) technologies plus in vitro functional analyses, was decisive in molecular identification for the long sought after TCR. A key set of advances came in the early 1980s with the identification in humans of a clonotypic disulfidelinked heterodimer, the Ti ab TCR heterodimer, which, together with CD3 molecules, was essential for the peptide-MHC (pMHC) recognition and cellular activation (9) (10) (11) (12) (13) (14) . Biochemical evidence showed that, similar to Ig molecules, both Ti a and b chains possessed variable and constant regions (9, 10) . A comparable ab Ti was also identified by Kappler and Marrack in the mouse with similar cognate immune recognition features (15, 16) . Those murine studies supported the earlier conjecture by Allison and colleagues of a potential TCR-related molecule detected on a murine T-cell lymphoma (17) . cDNAs for the TCRab genes were obtained from the cloning efforts led by Davis and Mak (18) (19) (20) in mice and humans, respectively, identifying the b chain as shown by protein sequence (21) . These studies showed that TCR combinatorial diversity was generated by the same type of sitespecific gene recombination mechanisms as with Ig genes, but without somatic hypermutation and led to identification of a second type of TCR, the gd TCR (reviewed in ref. 3) .
CD4 and CD8, surface molecules identified during the same period, were recognized as coreceptors that optimize TCR recognition and T-cell activation via interaction with monomorphic segments of MHC class II and class I molecules, respectively (22, 23) . The "dual recognition" puzzle was solved when it was shown that MHC class I and class II proteins bound foreign and self-peptides derived from degradation of intracellular or exogenous proteins and that such complexes could be recognized by the TCR (24) . Three-dimensional structures of peptides complexed with MHC molecules (pMHC) were defined (25, 26) , as were structures of ab TCR heterodimers in complex with pMHC ligands (27) (28) (29) (30) .
Self versus nonself discrimination is at the core of T-lymphocyte recognition. ab TCRs ligate foreign peptides bound to self-MHC, resulting in specific T-cell activation, proliferation, and effector function. In contrast, aside from homeostatic proliferation, self-peptide/self-MHC complexes are ignored and thus, activation inert. This preoccupation with foreign epitopes by ab T cells is generated in the thymus, where self-reactive thymocytes are deleted by an apoptotic negative selection mechanism (ref. 31 , and reviewed in ref. 32 ). Any residual self-reactive T cells that escape deletion are controlled by regulatory T cells in the peripheral lymphoid and tissue compartments (33) .
If advances in molecular T-cell immunology can be rationally applied to tumor prevention and immunotherapy through vaccination, then precise identification and targeting of tumor antigens leading to destruction of cancer should be possible. The recent success of chimeric antigen receptors using Ig-related ectodomains and TCR signaling cytoplasmic components to induce dramatic tumor remission in otherwise incurable patients supports the validity of T-cell-based strategies (34) . Eliminating the toxicities and cost of personalized gene therapy is a significant advantage of an effective cytotoxic T cell (CTL)-based vaccine immunotherapy that can induce high-avidity, tumor-specific CD8 T cells. Fulfilling this promise requires a deep understanding of adaptive T-cell recognition and the nuances of T-cell biology and molecular structure.
The HLA Peptidome Challenge
In humans, the MHC molecules are called HLA proteins. Different people express versions encoded by different gene variants (alleles). In general, peptides associate with HLA molecules by inserting parts of their amino acid residues into a set of six binding pockets (termed A-F) in HLA. The structure of these pockets is highly allele specific, thereby dictating peptide-binding preferences for each HLA molecule.
As shown in Fig. 1A , in the cytoplasm of most human cells, selfproteins as well as foreign proteins, such as those from a virus that has infected a cell, are cleaved into multiple peptides by a complex called the proteasome. A subset of these peptides is then carried by transporters associated with antigen processing (TAP) proteins to the endoplasmic reticulum. Here, an even more limited set of peptides is loaded onto HLA molecules, which are transported to the cell surface. These surface-displayed HLA-peptide complexes are recognized by TCRs on the surface of T cells. Specific CD8 þ T cells can recognize the infected cells and induce a lytic program that kills these virally infected targets. The MHC-bound peptides recognized by T cells are typically 8 to 11 amino acids in length with single amino acid substitutions readily sensed and discriminated by a TCR. The entire array of MHC-linked peptides is referred to as the HLA peptidome in humans. During immune surveillance, an individual high-avidity T cell has the capacity to detect one to several copies of a specific pMHC on the antigen-presenting cell (APC) that expresses 100,000 chemically similar pMHC molecules (35) . Discrimination of foreign versus myriad self-peptides is manifested with precision; if this were not the case, then either autoimmunity or immunodeficiency would result. Figure 1B shows a tumor-cell surface display with only one tumor antigen surface expressed among a huge number of self-pMHC molecules. How TCRs are capable of mediating such exquisite specificity and sensitivity was previously a mystery, especially in view of the fact that unlike with B-cell receptors, there is no somatic hypermutation of TCR genes. Monomeric TCR-pMHC affinities are orders of magnitude weaker than high-affinity antibody-antigen interactions (36). As described below, however, the elucidation of the TCR as a mechanotransducer with dynamic, nonlinear responses explains this behavior.
TCR Structure
Figure 2 offers a model of the TCR complex of the ab heterodimer consisting of V (variable) and C (constant) modules, the CD3eg and CD3ed ectodomains (37) , defines a plausible subunit topology, and emphasizes its glycan richness. The multiple N-linked glycan adducts of the TCR complex ( Fig. 2B ) help guide pMHC ligands to the TCR recognition surface, reducing entropic penalties by directing binding to the exposed, glycan-free complementarity-determining region loops at the top of the structure. Given that CD3z has only a 9-amino acid-long ectosegment, it is omitted from Fig. 2 as are the connecting peptides (CP). This rendering incorporates the consequences of several known TCR characteristics: (i) putative transmembrane charge pairs involving TCR subunit chain association ( Fig. 2A ) with CD3e-CD3d-TCRaCD3z-CD3z as one cluster and CD3e-CD3g-TCRb as a second cluster (38, 39) ; (ii) extracellular domain associations involving other in vitro chain association data (40) (41) (42) ; and (iii) proximity of one CD3e subunit to the TCR Cb FG loop (designated by an asterisk ( Ã ) in Fig. 2 Fig 2A and B is the central position of the TCRab heterodimer with a vertical dimension of 80Å projecting from the cell membrane, flanked on either side by the shorter (40Å) CD3 heterodimers, CD3ed on the "left" TCRa side and CD3eg on the "right" TCRb side. The width of the CD3ed and CD3eg components, 50 Å and 55 Å, respectively, is comparable in size with that of the TCRab heterodimer (58 Å), and together (excluding glycans) span $160 Å. These flanking CD3 ectodomain components will likely impede lateral movement of the TCRab heterodimer upon pMHC binding. The 5-to 10-amino acid squat and rigid CD3 CP segments (44) contrast sharply with the long (19-26aa) and flexible TCR a and b CP linking their respective constant domains to the transmembrane segments ( Fig. 2A) .
; ref. 43). Evident in
This contrasting array suggested that the ab TCR heterodimer may bend and extend relative to the squat and rigid CD3 heterodimers. For example, if as shown in Fig. 2C (from right to left), the pMHC on the APC is first ligated by a specific TCR, then as the T cell continues to move prior to a stop movement signal mediated through inside-out integrin affinity upregulation, pMHC functions as a force transducing handle to pull on the TCRab heterodimer. This force is amplified and exerted on CD3eg by the lever arm aided by the Cb FG loop (depicted in magenta) where the TCRb transmembrane acts as a fulcrum. Supplementary Movies S1 and S2 reveal the large forces that result from T-cell immune surveillance of epithelial surfaces and the likely impact of this movement on the TCR complex quaternary conformational changes. Signal transduction involving common structural subunit conformational rearrangement rather than alterations within clonotypic ab heterodimers per se offers a basic activation mechanism common to all TCRs.
Mechanotransduction
The simple notion that the TCR is a mechanosensor has been codified by several independent studies. Kim and colleagues (44) provided the first direct evidence of the influence of mechanical force in TCR activation. Using an optically trapped bead coated with pMHC or anti-CD3 monoclonal antibody for engaging the TCR, T cells were mechanically triggered by applying an oscillating tangential force to the cell surface while monitoring their activation via intracellular calcium flux. Importantly, piconewton (pN) force application with cognate pMHC but not irrelevant pMHC triggered activation. Additional mechanosensor evidence was provided in studies by Li and colleagues using a micropipette to demonstrate shear force associated with activation (45) Processing and presentation of HLA-bound self-and foreign peptides. A, peptides are generated through proteolysis in the proteasome, transported to the endoplasmic reticulum by TAP, associated with HLA molecules therein, and then exported and cell surface displayed. B, artistic rendition of 50,000 to 100,000 pMHC molecules on a cell surface (blue/purple) with a single tumor antigen (yellow) among the MHC-bound peptidome, emphasizing the daunting challenge of TCR-based recognition. This figure was rendered by Steve Moskowitz of Advanced Medical Graphics, Boston, MA.
(BFP) to reveal pushing and pulling associated with T-cell triggering (46) . Triggering was also shown by Judokusumo and colleagues to depend on substrate stiffness (47) . Prediction that a nonlinear mechanical response such as catch-bond formation might facilitate TCR-based recognition (44) was elegantly confirmed by Liu and colleagues using a BFP (48) . Physical forces are generated through T-lymphocyte movement during immune surveillance as well as by cytoskeletal rearrangements at the immunological synapse following cessation of cell migration (ref. 49 and references therein). Nevertheless, the mechanistic explanation for how TCRs distinguish between foreign and self-peptides bound to a given MHC molecule has been unclear: peptide residues themselves comprise few of the TCR contacts on the pMHC, and pathogen-derived peptides are scant among myriad self-peptides bound to the same MHC class arrayed on infected cells, as noted above. Using optical tweezers and DNA tether spacer technology that permit pN force application and nm scale precision, Das and colleagues (49) have determined how bioforces relate to self-versus nonself discrimination. Single-molecule analyses involving isolated ab heterodimers as well as complete TCR complexes on T lymphocytes reveal that the FG loop in the b subunit constant domain ( Fig. 2 ; depicted in magenta) allosterically controls both the variable domain module's catch-bond lifetime and peptide discrimination via force-driven conformational transition. In contrast with slip bonds that release under physical load, catch bonds become stronger so that TCR-pMHC single-bond lifetimes extend. For a representative CD8-derived ab TCR heterodimer like N15 that binds a rabies family vesicular stomatitis virus peptide, the bond lifetime goes from 0.3 seconds at zero force to >3 seconds at 15 pN. Such low forces are readily achievable in biologic systems.
Ligation of the relevant TCRab heterodimer initiates a cascade of T-cell signaling events following exposure of the immunoreceptor tyrosine-based activation motif (ITAM) elements in the cytoplasmic tail of the noncovalently associated subunits (CD3eg, CD3ed, and CD3zz) comprising the TCR complex in 1:1:1:1 dimer stoichiometry. This accessibility allows the active kinase, Lck, to bind and phosphorylate ITAMs followed by recruitment and activation of a second tyrosine kinase, ZAP-70 (50-53). In turn, multiple downstream pathways are engaged including transcriptional regulators controlling activation and differentiation of T cells (54, 55) . Thymocyte development is also regulated by the TCR-pMHC interaction as it relates to repertoire selection (reviewed in ref. 32 ). The extended bond lifetime under force will foster greater subunit conformational alterations and membrane-lipid perturbation and facilitate exposure of sequestered CD3 cytoplasmic tail ITAMs. Kinetic proofreading has been described as a mechanism permitting biologic systems to finely discriminate between ligands which show small differences in their affinity (56, 57) . Clearly, the nonequilibrium force-driven TCR-pMHC bond lifetime characteristics noted above allow considerable discrimination between self-pMHC versus foreign-pMHC complexes. The differential ligation kinetics and attendant conformational changes are sufficient to afford major signaling differences between stimulatory and nonstimulatory pMHC ligands. This discrimination is made even more robust in the formation of the signalosome at the immunological synapse. There in the immunological synapse, signaling is influenced by TCR ligation in both time and space, further enhancing discrimination between foreign-pMHC versus self-pMHC interaction. Explicitly, T-cell triggering might occur as a result of one foreign-pMHC ligand interacting with several TCRs through serial engagement, or alternatively, more than one copy of the same foreign-pMHC interacting with several TCRs in proximity. Given the specificity of the TCR mechanosensing mechanism under force, it is highly improbable that repeated "mistakes" would follow and result in false activation. In conclusion to this section, it is clear that the TCR signaling behavior cannot be readily rationalized in the absence of force. Solution binding may be strong between a TCR ab heterodimer and pMHC, but cellular activation may be nevertheless absent (58) . The way in which a TCR binds to pMHC and the latter is coligated by the coreceptor (CD8 in the example shown in Fig. 2A ) places restrictions on the permissible TCR-binding orientations to pMHC. TCR and coreceptor bind to the same pMHC, a so-called bidentate interaction, positioning lck associated with the coreceptor to phosphorylate ITAMs of the CD3 cytoplasmic tails.
Functional Avidity
Given the TCR mechanosensor properties noted above, CTL targeting need not be dependent on display of a large number of epitopes by single tumor cell or infected cell. The key for protective T-cell effector function is the requisite match between the T cell's functional avidity and the relevant epitope copy number per target cell. Functional avidity refers to the sensitivity of a particular T cell to be triggered by pMHC on an APC (or target) and to mediate its function. High-avidity T cells are capable of recognizing a very small number of pMHC/target cells, whereas lowavidity T cells may require hundreds or even thousands of such recognition effects (59) (60) (61) . Without such relevant avidity, effective cytolysis will not follow. Avidity is dependent on the TCR-pMHC interaction, CD8 coreceptor expression, intracellular signaling molecules, and other factors (62) . With respect to the TCR, the Vb and Va gene repertoires as well as the nature of the antigen itself contribute. Unfeatured pMHCI molecule surfaces, like influenza A M1 [58] [59] [60] [61] [62] [63] [64] [65] [66] bound to HLA-A Ã 0201, strongly elicit T cells which, although plentiful, comprise a low-avidity immunodominant response (63, 64) . As such, display requirements on infected epithelium for activation of those CTLs may be at too high a copy number to be achieved during natural infection. Consequently, this CTL response would be nonprotective. Imagine that a high-avidity T cell recognizes its target with a 20/20 vision while the low-avidity T cell has 20/200, i.e., is legally blind. Identifying correct targets and deploying useful CTLs at a tumor site or nidas of infection are critical. In contrast, if ineffective T cells move into the site, it is counterproductive as T-cell infiltration is of finite magnitude within tissues and impedes deployment of protective CTLs. Moreover, high functional avidity T-cell interactions confer a cellular state refractory to inhibitors like TGFb (65) .
Physical Detection and Quantification of HLA-Bound Peptides
Until very recently, the primary approach for peptide identification has been to isolate antigen-experienced T cells from some tissue compartment and demonstrate that these cells functionally "recognize" specific pMHC using an activation-readout such as cytokine production. Beyond technical issues delineated elsewhere (66), this "reverse immunology" identifies only antigenic peptides and not those nonantigenic foreign peptides that are displayed as surface pMHC. However, nonantigenic peptides may be stealth as a consequence of immunodominance of other segments (i.e., M1 58-66 noted above), but such peptides may be readily capable of generating protective immune responses if they are identified and then used in vaccine formulations. A way around this limitation is the use of physical identification methods, such as mass spectrometry (MS), that have overcome analytical challenges posed by the complex set of peptides bound to MHC as derived from protein metabolism and displayed at the cell surface (refs. 67-69 and reviewed in ref. 66 ). The dynamic range of detection, defined as the target's fraction of the total ion flux, has been directly estimated and is on the order of 10 5 . The sensitivity of detection compares well with the most sensitive T-cell clone we have generated. A high-avidity T cell cannot exceed a limit lower than one target pMHC among 100,000 irrelevant pMHCs per target cell. The theory of the method and its use in identifying HPV-16 antigens have been described (67) (68) (69) . Rapid electronic data capture, high-resolution mass spectrometers, and information-rich precursor and ion fragment beams allow deeptargeted interrogation and reinterrogation of precious samples after the sample is acquired and data archived (70) .
An objective for a therapeutic antitumor vaccine is to focus CTLs on HLA-bound peptides restricted to the cancer cell and deploy high-avidity CTLs at the tumor site to foster elimination of the cancer. The cellular scale and sensitivity of the aforementioned MS detection methods permits such identification. An example is the set of cancers caused by human papillomavirus 16 (HPV-16). Of note, in cases in which HPV-16 infection has induced epithelial transformation and cervical cancer in HLA-A Ã 0201 hosts, only a single epitope from the E7 oncogene product, E7 [11] [12] [13] [14] [15] [16] [17] [18] [19] , is naturally processed and presented by this allele on those tumor cells. Pointedly, although E7 [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] is capable of binding equivalently to this same HLA allele, the 10-mer peptide, unlike the 9-mer, is not displayed on the primary epithelial cells. In contrast, when a large fragment of E7 as a synthetic peptide is exogenously added to HLA-A Ã 0201 professional APCs, the E7 11-20 is displayed to a very large extent (67) . Because T cells are not strongly cross-reactive and are particularly specified to a single peptide length (71, 72) , this discordance misguides the immune response. It also explains, in significant part, why the 10-mer vaccine was without clinical effect in a therapeutic HPV-16 cancer trial (73) . These data also caution that what is directly presented by tumor cells versus cross-presented by dendritic cells is not necessarily the same. Quantifying copy number of pMHC complexes per cell has also been implemented with this approach (68, 70) , providing insight into CTL functional avidity requirements.
A Path for Creating CTL-Targeting Vaccines
More than 20% of tumors worldwide are caused by viruses, with high-risk human papillomaviruses alone responsible for >5% of all cancers (74) . A CTL-based approach should prove useful for combating infectious diseases in general and those 20% of cancers caused by viruses in particular. In this regard, there are four components required to create an effective CD8-based T-cell vaccine pipeline: (i) facile bioinformatic prediction of conserved protein segments of pathogens that include potential T-cell epitopes from variable viral strains; (ii) physical detection MS methodologies to determine which of the predicted epitopes are actually arrayed on infected cells and APCs for T-cell recognition by TCRs; (iii) nanovaccine technology to deliver conserved T-cell epitope payloads including adjuvants to APCs for stimulating epitope display in appropriate lymphoid tissue at optimal density and duration; and (iv) insightful memory T-cell biology arising from transcriptomics, proteomics, and other molecular analyses of CD8 subsets defining their development and elucidating the rules of physical deployment into tissue compartments. Collectively, these technologies and knowledge will create vaccines that elicit potent CD8 memory T cells with effector function that reside at sites of potential viral attack. Such resident-memory T cells (T RM ) are positioned for immediate action and are in turn reinforced by subsequent recruitment of T effector (T EM ) and T central memory (T CM ) cells from blood and secondary lymphoid tissues (75, 76) . In this manner, a prompt immune response is engendered that minimizes viral replication with attendant pathologic consequences.
Of note, in addition to the above MS technologies, computational methods are already available. These offer bioinformatic tools and databases to focus on peptide epitopes conserved among diverse strains of a given virus, predict peptide binding to multiple HLA alleles, and estimate population coverage based on HLA frequencies (77, 78 , and references therein). Vaccine technology using synthetic materials to target organs, tissues, or cells and deliver concurrently epitopes and immunomodulatory payloads also exists (79) . The above principles can be applied to immunogenic tumors as well as nonimmunogenic tumors as described in the section below.
Regulation of Immune Responses
The effectiveness of adaptive immunity is predicated not only on the nature of cognate antigen recognition via TCR-pMHC interaction but, in addition, on the various pathways that suppress T-cell activation. These anti-inflammatory mechanisms involve inhibitory small molecules like adenosine and carbon monoxide, proteins such as CTLA-4 and PD-1, and cells including regulatory T cells (reviewed in refs. [80] [81] [82] . It seems most probable, therefore, that a combination of focused CD8-based vaccine administration in conjunction with immunotherapy to block inhibitory pathways will elicit the greatest antitumor response. Because CD4 T-cell help is important for optimal T-cell function (see an overview in ref. 83) , an epitope activating CD4 T cells should also be provided in the vaccination protocol.
Conclusions and Future Applications
The above MS technology will permit identification of relevant viral epitopes derived from acute infectious pathogens as well as virally induced cancers. In turn, molecular TCR cloning methods can be used to identify those TCRs on naturally derived and vaccine-elicited T cells to determine if necessary avidity thresholds have been achieved, either by assessing functional avidity of TCR transfectants and cytokine production readouts or alternatively, single-molecule quantification of TCR-pMHC interactions (49) .
For nonviral tumors that are immunogenic, whole exome and/ or transcriptome sequencing of individual tumors in conjunction with MS can identify mutant peptides for vaccine formulation in an individualized patient approach. The feasibility of such a strategy has been recently shown in a mouse model (84) .
Lastly, for nonimmunogenic tumors, induction of the expression of multiple neopeptide epitopes could target a polyclonal CTL attack against a cancer. In this regard, the antiviral HIV drug abacavir binds to one HLA molecule and alters its peptide-binding characteristics, causing the HLA molecule to load and display a new range of peptides on the cell surface. Because this repertoire includes self-peptides that were not displayed during T-cell development, the immune system contains T cells that can recognize these antigens and launch an immune attack against the cell (85) . The abacavir interaction is specific to the HLA-B Ã 57:01 allele's F peptide binding pocket, but other drugs targeting products of other HLA alleles exist. In principle, these chemicals and medicinal compounds specific for various alleles could be directed in a restricted fashion to tumor cells by monoclonal antibody or other means to alter the tumor peptidome and to target the cancer for CTL destruction. Such specificity would mitigate systemic allergic reactions, focusing only on the tumor. The use of the power and specificity of the immune system is being exploited for tumor immunotherapy with some exciting results. As more details about the adaptive T-cell immune system and its regulation are uncovered, this strategy is likely to rise exponentially.
